Enhancements of droplet concentrations in clouds affected by four ships were fairly accurately predicted from ship emission factors and plume and background cloud condensation nucleus (CCN) spectra. Ship exhausts thus accounted for the increased droplet concentrations in these ''ship tracks.'' Derived supersaturations were typical of marine stratus clouds, although there was evidence of some lowering of supersaturations in some ship tracks closer to the ships where CCN and droplet concentrations were very high.
Introduction
As part of the endeavor to determine the immediate cause of ship tracks (Durkee et al. 2000) it is important to determine whether, and which of, the particles emitted by ships are responsible for the formation of the enhanced cloud droplet concentrations that constitute ship tracks. The water solubility of a particle, as determined by cloud condensation nucleus (CCN) measurements, is key to this determination because this characterizes particles according to the likelihood of cloud droplet nucleation (e.g., Twomey and Squires 1959) . Many studies have demonstrated the connection between CCN spectra and cloud droplet spectra (e.g., Jiusto 1966; Radke and Hobbs 1969; Warner 1969) . In general, those particles that have lower critical supersaturations (S c ) are more likely to produce cloud droplets (e.g., Hudson 1984) ; there is also a tendency for larger cloud droplets to form on larger (lower S c ) CCN (Hudson and Rogers 1986; Twohy and Hudson 1995) . Concentrations of CCN and cloud droplets can be compared if it is assumed that the lower S c nuclei will preferentially produce cloud droplets. Thus, an integration of the cumulative CCN spectrum up to the S c that results in a match of CCN number concentration with cloud droplet number concentration (N d ) reveals the effective supersaturation (S eff ) in a cloud. Comparisons between CCN and cloud droplets amount to a comparison of cloud formation in the controlled environment of a cloud chamber with cloud formation in the real atmosphere.
Here we explore the relationships between the CCN emitted by ships and N d . We use the measurements of particle source strengths from ships (Hobbs et al. 2000) and a Gaussian plume diffusion model to predict enhancements of N d due to the CCN emitted by ships. These predictions are made and compared with measurements for a series of cloud penetrations at various distances from four ships. We explore reasons for discrepancies between the predictions and measurements. We then characterize various ship engines and fuels according to their relative CCN production; this helps predict the likelihood of a ship to produce a ship track in
marine stratiform clouds under prescribed ambient conditions.
Experimental
The Desert Research Institute (DRI) CCN spectrometer (Hudson 1989 ) was on the University of Washington (UW) C-131A aircraft during the Monterey Area Ship Track (MAST) experiment (Hobbs et al. 2000) . It produced a nearly continuous record of the CCN spectrum between 0.02% and 1% supersaturation with about 20 channels of resolution. This detailed CCN spectrum was recorded at a rate of 1-0.1 Hz throughout most of the C-131 MAST flights. These measurements were complemented by measurements of the total number of particles by a TSI 3760, which has a lower size detection limit of about 0.02-m diameter (Hobbs et al. 2000) . Cloud droplet concentrations (N d ) were measured using a PMS Forward Scattering Spectrometer Probe (FSSP-100) aboard the C-131 (Hobbs et al. 2000) .
Most of the out-of-cloud measurements of the ship plumes were made so close to the ships that the particle concentrations were very high. Such measurements were not ideal for the CCN-droplet comparisons for two reasons. 1) The out-of-cloud plume measurements and many of the cloud measurements were spatially separated; several processes (i.e., coagulation and gas-toparticle conversion) could change CCN spectra between these locations over time periods as long as 2 h (see . 2) The high particle concentrations (tens of thousands cm Ϫ3 ) close to the ships often challenged CCN measurement accuracy. The main cause of inaccuracies for high-concentration CCN measurements is the depletion of water vapor within the cloud chamber, which lowers the supersaturation. This difficulty was minimized by using small sample flow rates, by calibrating the instrument with high particle concentrations, and by relying on plume measurements with lower CCN concentrations.
Analysis methods
The primary goal is to compare measured enhancements of cloud droplet concentrations (⌬N d ) in ship tracks with predictions of ⌬N d that are based on CCN measurements in plumes close to the ships that caused the ship tracks. Observed ⌬N d were determined from the difference in the average N d measured within the ship tracks (perturbed clouds) compared with the average N d measured in adjacent background clouds. These ⌬N d values were determined from several horizontal flight passes that were generally done perpendicular to the length of the ship tracks. Several of these passes were made at various distances from the ship. In general, ⌬N d decreased with distance from a ship because of the horizontal spreading of the plume with distance from its source. Hobbs et al. (2000) used this method to compare predictions of condensation nucleus (CN) concentrations with the sum of measurements of interstitial CN and cloud droplets. To apply this method of analysis the source strength of the CN was first determined for each ship. Then the plume was assumed to spread out and to dilute linearly with the background air; the height of the boundary layer was assumed to remain constant. Thus, the plume was assumed to spread or dilute only in the horizontal dimension perpendicular to the length of the plume. This width of the plume was determined from CN measurements, and from the assumption of a Gaussian shape. We found, nevertheless, that the assumed shape of the plume is much less important than the width as long as it is determined consistently. Wider plumes at greater distances from the ships, were more diluted with background aerosol. Hobbs et al. (2000) verified this procedure by finding good agreement between predictions of total aerosol concentrations-based only on the dilution of the CN concentrations-and measurements of ⌬N d plus interstitial CN concentrations. These comparisons showed a general decrease in ⌬N d and interstitial CN with distance from a ship.
Here we employ the same Gaussian diffusion model, along with some other factors, to make predictions of ⌬N d alone. We refer to these predictions of ⌬N d as ⌬N CCN . Two factors in addition to those used by Hobbs et al. (2000) are needed to make these predictions: 1) CCN spectra that can be attributed to production by the ships (CCN P ) and 2) the effective supersaturation (S eff ) of the clouds. We also need to assume 1) that S eff is the same for all clouds in each case study-background and ship tracks-which also implies homogeneity of background CCN and N d , and 2) that the ratio of plume CCN concentrations at S eff to the plume CN concentrations is constant throughout each case study. These assumptions will later be tested and discussed. These comparisons of excess cloud droplet concentrations from measurements (⌬N d ) and predictions (⌬N CCN ) constitute what has come to be known as ''closure'' experiments.
The prediction of ⌬N CCN began with a determination of S eff for each case study. Next, the ratio of the concentration of CCN at S eff to the CN concentration was determined for out-of-cloud plumes close to the ships. Finally, the same Gaussian plume model prediction of CN in each ship track, used by Hobbs et al. (2000) , was applied, with the multiplication by the CCN/CN ratio. This predicts ⌬N CCN for each ship track. Hobbs et al. (2000) used above-background CN concentrations in a ship plume and a Gaussian plume model to predict the increase, above background, of the sum of interstitial aerosol and N d downwind in a ship track. These predictions were based on the source strength of the ship, which was determined from CN and CO 2 measurements near the ships (Hobbs et al. 2000) . The apportionment of excess CN between interstitial aerosol and cloud droplets in the ship tracks was not addressed by Hobbs et al. (2000) .
The background CCN measurements (CCN B ) at each VOLUME 57 S c were subtracted from the corresponding CCN measurements within the ship plume close to the ships so that the contribution to the CCN of the ship effluents alone could be determined (CCN P ). This subtraction was necessary because any plume that was wide enough to be measured with the aircraft was always significantly diluted by background air. Measurements of the undiluted plume, which only exists within the smokestack, were not possible. CCN measurements within clouds could not be used because of possible droplet splashing (which often causes spurious counts; i.e., Hudson and Frisbie 1991) and the difficulty of sampling CCN within cloud droplets. The value of S eff was determined by matching N d of background clouds to the S c that yielded the same cumulative concentration for CCN B . Five to 10 measurements, each of 1-2-min duration, of the value of CCN B out of cloud within the boundary layer were obtained during each of the four flights analyzed here (Table 1) . We had to assume that the CCN concentrations within the boundary layer outside of the ship plumes were homogeneous for each case study. Examples of these spectra, each of which consisted of several records of a few seconds, are shown in Fig. 1 . Figures 1a and 1b illustrate typical polluted and clean background concentrations encountered during MAST. CCN B was subtracted from the CCN concentrations measured in the plume to determine the contribution of the CCN from the ships alone (CCN P ), which are shown in Figs. 1c and 1d.
The high particle concentrations in some of the plumes closest to the ships could cause erroneously low measurements of CCN/CN ratios because high concentrations of growing droplets can lower the supersaturation in diffusion cloud chambers (Hudson and Squires 1973) . This could result in some droplets not growing large enough to be put into the correct droplet size (nucleus S c ) channels (Hudson 1989) . However, laboratory calibrations with known aerosols at the concentration ranges encountered in the ship plumes demonstrated that this should have been a problem only for the very highest CCN concentrations at the lowest S c values. Channel shifting was minimized by using concentrations for the calibrations that were similar to those encountered in the plumes. Fortunately, there was also more than one plume penetration for each of the four cases analyzed here (Table 1) . For the sake of accuracy and consistency, the lower particle concentrations measured in each case study were used in the analysis. In some cases, there appeared to be a trend of higher CCN/CN ratios for the lower concentration plume measurements. Nonetheless, the consistency in CCN/CN ratios, as expressed by the standard deviations in Table 1 (columns 3 and 4), was so good that this problem seemed to be minimal anyway.
Results
The third column of Table 2 lists N d in background clouds adjacent to the various ship tracks. The variabilities (minimum, mean, maximum) displayed here are a combination of the standard deviations of the mean N d measured in the different background clouds, the average standard deviations of the 1-s data intervals of the different cloud penetrations, and the range in the mean values of N d for the various cloud penetrations on each flight. An amalgamation of these three different ways of expressing the variations in N d was used to estimate representative variations in S eff (minimum is mean minus variation, and maximum is mean plus variation); these S eff values are shown in the fourth column of Table 2 . Here, S eff was determined by matching each N d in column 3 with CCN B (e.g., Hudson 1984) . The fifth column shows the CCN concentrations at S eff in the plume of the ship (CCN P ). This is the difference between the measured concentration at S eff in the exhaust plume and the measured concentration at S eff for CCN B (e.g., Figs. 1a,b) . The sixth column in Table 2 shows the CN concentration for that same ship plume; this also has the background CN concentration subtracted from the CN concentration measured in the plume. The seventh column shows the ratio of concentrations of CCN at S eff to CN in the plume [CCN(S eff )/CN]. When this is multiplied by the emission factor given in Eq. (3) of Hobbs et al. (2000) , a prediction of the increase in cloud droplet concentration due to the ship exhaust (⌬N CCN ) is obtained. Figure 2 shows the ratio of this prediction (⌬N CCN ) to the measured enhancement in cloud droplet concentration (⌬N d ) in the ship tracks (solid points). The eighth column in Table 2 shows the averages of the VOLUME 57 ratios of the predicted to the observed excess droplet concentrations displayed in Fig. 2 (this is the average of all of the ship tracks in each case study). Column 8 of Table 3 completes the analysis using the Gaussian plume diffusion model. We now investigate the assumption of constant S eff , in particular by testing the assumption that S eff is the same in the background clouds as in the ship tracks. This was done by employing the condensational cloud droplet growth computer model of Robinson (1984) . This model uses as input the CCN concentrations in several S c bins (ϳ15 over the entire CN spectrum from 0.01% to 1%), the updraft velocity (W), pressure, and temperature to predict cloud droplet spectra as a function of time (and thus distance above cloud base). The model was run until a distinct dichotomy was found between the unactivated haze droplets and the activated cloud droplets (N d ) (i.e., Hudson and Svensson 1995; Hudson and Yum 1997) . This model is adiabatic; it does not consider any entrainment of outside air into the cloud, nor losses of droplets due to coalescence or precipitation.
The first step was to run this droplet growth model iteratively on CCN B with various constant W until a match was found between the N d from this model and the measured N d in column 3 of Table 2 were not always possible.
The model was then run with the same W but with the linear combination of CCN P and CCN B that was the input to each ship track according to the width of the ship's plume at that location. This spectrum was obtained by diluting CCN P according to the width of the plume for each ship track and adding CCN B . When the model was run with these appropriate input CCN spectra, predictions of N d were determined for each ship track cloud. When the background N d was subtracted from this predicted N d , a second prediction, ⌬N CCN , was obtained; the ratios of this ⌬N CCN to the measured ⌬N d are plotted as the open circles in Fig. 2 . In most cases, these ratios were identical to those derived using the Gaussian diffusion plume (solid points). In those cases where these ratios differed, it was because the high concentrations in the less diluted ship tracks reduced S eff . Figure 3 shows how this S eff compares with S eff in the background clouds. The S eff for the background clouds is also displayed in column 10 of Table 2. Figure 3 shows that S eff is lower when the cloud condensation droplet growth model is used for some of the less diluted tracks. The 11th column of Table 2 shows the average agreement between predictions of ⌬N CCN using the droplet growth model and the measured values of ⌬N d . These values were usually lower than the ratios in column 8 of Table 2 .
With the exception of the underprediction for the Fre-
FIG. 2. Ratio of predicted excess droplet concentrations (⌬N CCN ) in ship tracks to measured excess droplet concentrations (⌬N d ). Solid points are for the Gaussian plume model (dilution only)
. Open circles are for the adiabatic cloud model (Robinson 1984) , which allows for lowering of S eff . (Hobbs et al. 2000) . The CCN/CN ratio for the Fremo Scorpius was the lowest of the diesel-powered ships burning marine fuel oil, as shown both by Table 1 and by Hobbs et al. (2000) . Moreover, the mean size of the dried particles from this ship was smaller than some other diesel ships burning low-grade fuel (Hobbs et al. 2000) . The overall average agreement between these four predictions (⌬N CCN ) and measurements (⌬N d ) of excess droplet concentrations was 1.1 for the Gaussian diffusion plume model and 1.0 for the cloud droplet condensation growth model. The latter model accounts for any lowering of S eff in the ship tracks. In view of the uncertainties pointed out by Hobbs et al. (2000) , the results, though perhaps fortuitous, support the view that the enhancements in droplet concentrations in ship tracks (⌬N d ) are due to CCN emitted by ships. Figure 4 shows how the measured ⌬N d decreased with the age of the plume, and Fig. 5 shows the same for ⌬N CCN (predicted from Gaussian plume model) with age. Table 3 quantifies the slopes of the linear regressions of these relationships showing that the reductions with distance are greater for the Gaussian diffusion model (column 3) than for the measurements (column 2). The last column of Table 3 shows that the condensational cloud droplet growth model predicts a lower slope of ⌬N CCN versus age, which is more in line with the observations (column 2 of Table 3 ). The lower slopes shown in column 4 than in column 3 of Table 3 are a direct result of the lowering of S eff , and thus of a relative lowering of ⌬N CCN values in the less diluted ship tracks; this decreases the slope of ⌬N CCN versus plume/track age. Table 4 illustrates these points more clearly where, instead of plume age, a more direct indicator of plume/ track dilution, namely, the width of the ship track, is used for the independent variable. Here three of the four cases produce a very close match of the predicted to the observed slope. These results suggest that one of the explanations given by Ferek et al. (1998) for the apparently greater than expected persistence of excess
VOLUME 57 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S
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FIG. 5. Predicted excess cloud droplet concentrations (⌬N CCN ) vs age of ship plume using the
Gaussian plume model, which does not include any lowering of S eff .
droplet concentrations in ship tracks, namely, the increase in S eff downwind of the ships, may be correct. The S eff is predicted to be higher for lower values of CCN and ⌬N CCN , which are produced at greater distances from ships due to the diffusion of the ship effluents. The fact that even the more detailed droplet growth model still predicts a greater slope than observed suggests that there may still be some enhancement, with time, of CCN either by chemical or physical processes (e.g., coagulation), which increase the CCN concentrations downwind (in opposition to the effect of dilution). This latter effect was also discussed by Ferek et al. (1998) .
Particle volatility
To obtain some information on particle composition, volatility measurements were made of the CCN and CN in the ambient air and in the ship plumes using the method described by Hudson and Da (1996) . All of the volatility measurements described here were made out of cloud. A composite of the volatility measurements of the background aerosol is presented in Fig. 6 and, for 1 June only, in Fig. 7 . In agreement with the results of Hudson and Da (1996) the present results show that most of the background CCN had a fractionation temperature characteristic of ammonium sulfate or ammonium bisulfate (ϳ200ЊC). Figure 8 shows that the volatility measurements within the plumes of diesel ships using marine fuel oil were nearly identical to those in the background air. Although most of the latter measurements were made on the plume from one ship, the Monterrey (Table 1) , there were partial (at a limited number of temperatures) measurements from other ships that were consistent with these results. Due to the lack of knowledge of volatility temperatures for organic compounds, we cannot test the suggestions of Hobbs et al. (2000) that these substances contribute to the CCN in ship plumes. All we can say is that these volatility measurements suggest that ammonium sulfate (or bisulfate) could be the predominant component of the aerosol in both the background air and in the ship effluents.
Discussion and conclusions
The results presented in this paper show that the excess droplet concentrations in ship tracks can be fairly accurately predicted with a simple model of the diffusion of the effluents emitted by a ship's engine. More accurate predictions are made with a cloud droplet condensational growth model, which allows for lower S eff in the ship tracks when CCN concentrations are high.
The cloud droplet condensational growth model used in this paper requires as input the condensation coefficient for water. This is the fraction of molecules that are on a path toward the droplet that actually stick to the droplet. The value of the condensation coefficient is uncertain (Mozurkewich 1986 ). We used a value of 0.036, which has often been used in cloud physics (e.g., Pruppacher and Klett 1980; Rogers and Yau 1989) , based on Chodes et al. (1974) . When a condensation coefficient of 1.0, as suggested by Leaitch et al. (1986) , was used for one of the flights, only one value of S eff was further decreased. A higher condensation coefficient (e.g., 1.0) would cause the droplets to grow faster VOLUME 57 and thus reduce the maximum supersaturation. However, this enhanced growth rate of droplets did not further reduce S eff in most of the ship tracks studied here. Use of the higher condensation coefficient slightly increased the deduced updraft velocity. On the other hand, if the condensation coefficient were lower than 0.036, it would reduce the rate of droplet growth and allow higher cloud supersaturations. A lower condensation coefficient would then tend to mitigate the reductions of S eff due to high N d , which would bring the predictions of the cloud droplet growth model closer to the predictions of the Gaussian plume model (which assumes constant S eff ). The fact that better agreement was found between the predictions and the measurements for higher condensation coefficients suggests, at least, that the condensation coefficient is probably not significantly lower than 0.036. If it were much lower than 0.036, then there would be less lowering of S eff in the more concentrated ship tracks closer to the ships. If that were the case, the less than predicted decrease in ⌬N d with increasing distance from the ships would be more difficult to explain.
The inferred S eff , which was usually ϳ0.2% (see columns 4 and 10 of Table 2 ), is similar to previous estimates for ambient eastern Pacific stratus clouds (e.g., Hudson 1983; Hudson and Svensson 1995; Hudson and Yum 1997) ; the implied updraft velocities (W, column 9 of Table 2 ) are also typical of stratus clouds (e.g., Curry 1986; Hudson and Svensson 1995; Hudson and Yum 1997) . The exception is the flight of 30 June, when the inferred S eff was above 1%, which was the highest S c that was measured in this study with an inferred W of 100 cm s Ϫ1 . On average, about 10% of the particles from the ship exhausts were found to act as CCN (at S eff )-average of column 7 in Table 2 for the mean. This is in close agreement with the 12% value derived independently by Hobbs et al. (2000) from the ratio of ⌬N d to the increase in total aerosol in each ship track. Since S eff was about 0.2% for three of the four flights listed in Table 2 , in Table 1 we have listed the CCN/CN ratios measured in the plumes for a supersaturation of 0.2%. Table 1 also shows the CCN/CN ratio for 1% S c , which is generally an upper limit of S eff (e.g., Rogers and Yau 1989) and the highest S c measured in MAST. Table 1 H U D S O N E T A L . Fig. 6 but for measurements within ship plumes and CCN at 1% S c . Except for the point at 470ЊC, which was made on the NYK Sunrise, all of the measurements were made on the Monterrey. The data are further normalized to the ambient CN concentrations because the concentrations within the plumes were not constant.
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shows substantial differences in CCN/CN ratios for different ships, with engine type and/or fuel type appearing to affect the value of this ratio. Clearly, turbine engines using navy distillate fuel emit fewer CCN than diesel engines using marine fuel oil.
The results listed in Table 1 are consistent with the hypothesis of Hobbs et al. (2000) that fuel type is a better predictor than engine type of whether ship tracks will form in a given environment. For example the Safeguard, which had diesel engines but used navy distillate fuel, had CCN/CN ratios similar (even lower) than those of the turbine-powered ships. However, the evidence presented here that favors fuel type over engine type is based on measurements of the plume from just one diesel-engine ship that used the higher-grade fuel.
Although there was variability in the plume measurements from a given ship, and there was variability among ships with similar fuels and engines, these variabilities were not enough to blur the clear differences in CCN/CN ratios between the different engines and/or fuels. The diesel engines burning marine fuel oil had order of magnitude higher CCN/CN ratios ( Table 1) . The much lower CCN/CN ratios for the turbine-powered ships using navy distillate fuel are probably the reason that these ships were never observed to produce ship tracks in MAST. Although the navy-distillate-fueled Safeguard produced a weak ship track, it did so only in very clean air.
The CCN/CN ratios are also consistent with the dry particle measurements described by Hobbs et al. (2000) . The lower CCN/CN particle ratios for the distillate-fueled exhausts are consistent with the smaller particle sizes that were measured in those exhaust plumes. The larger particles in diesel plumes were consistent with the higher CCN/CN ratios found in those plumes.
If CN fluxes were similar for the variously powered and fueled ships, as seemed to be the case (Hobbs et al. 2000) , then we might expect ⌬N d to be an order of magnitude less for the navy-distillate-fueled ships compared to the ships burning marine fuel oil. The measured ⌬N d in the ship tracks produced by diesel-powered ships using marine fuel oil (Table 1) ranged from 40 to 160 cm Ϫ3 (Fig. 4) [there was only one case lower than 40 cm Ϫ3 : 15 cm Ϫ3 (Fig. 4b) Ϫ3 this is an 8%-32% perturbation, which is generally greater than the standard deviation of the mean value of N d in the background cloud (7%-23%). However, for the higher background N d values, this ⌬N CCN represents a perturbation of only 3%-10%, which is less than the measured variability in N d in the background clouds (7%-23%), making it difficult to produce a detectable ship track.
The above discussion explains why the turbine-powered ships using navy distillate fuel (Copeland, Kansas City, and Mt. Vernon) did not produce ship tracks when the background clouds had high N d values (N d Ͼ 150 VOLUME 57 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S cm Ϫ3 ), while the Safeguard did produce weak ship tracks with background N d values of 12-40 cm Ϫ3 . Conversely, we suggest that turbine ships could produce ship tracks in cleaner background clouds (N d Ͻ 50 cm Ϫ3 ), and that the Safeguard could not produce ship tracks when background N d were higher than 150 cm Ϫ3 , conditions that were sometimes encountered in MAST.
The fluxes of CCN from the ships can be put into perspective by comparing them with fluxes from an urban area (Frisbie and Hudson 1993) . First, the average CN flux from the ships was about 1% of that from the city of Denver, Colorado-10 16 s Ϫ1 (Hobbs et al. 2000 ) versus 10 18 s Ϫ1 (Frisbie and Hudson 1993) . The CCN/ CN ratios at high S c for the diesel ships burning lowgrade fuel were remarkably similar to results for the city of Denver-16.6% for S c ϭ 1% (MAST) and 17% for S c ϭ 0.9% (Denver); thus, the flux of CCN with S c ϭ 1% from the ships was about 1% of that from Denver. However, for S c ϭ 0.2%, these ships produced significantly higher CCN/CN ratios than Denver-5.8% versus 1.4%. Thus, the flux of CCN from dirty ships (diesel with low-grade fuel) at typical stratus cloud supersaturations (0.2%) was about 4% of that from the city of Denver. On the other hand, the CCN/CN ratio for the cleaner-burning turbine-powered and/or higher-grade fuels was significantly lower for S c ϭ 1% (Table 1) , but only somewhat lower than Denver at S c values typical of marine stratus clouds (0.2%, Table 1 ). Thus, urban emissions should have a relative effect on stratus clouds that is intermediate between those of the two types of ship effluents discussed here, even though the total output of particles from a ship is much smaller than that of a large urban area.
